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* Motion (or trajectory) planning

— High level task specifications =====) |ow-level
control commands executable on the plant

o Key problem in CPS

* Plant: autonomous vehicle, UAV,
(humanoid) robot, industrial robotic arm

« Human-machine interactions
o Safety and temporal constraints
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o Safety
— U AVS in com merCi al “SERIOUS RISK OF COLLISION"
airspace

— Autonomous vehicles &
human-driven cars

e Human involvement

— Safety Is critical and
fundamental

e Physical limitation

— To avoid states that lead
to unavoidable collision
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e Synthesize plan from task
specifications
— Agriculture monitor
— Security and surveillance
— Search and rescue
— Disaster relief / Emergency
communications

e Perform task in an optimal
manner with given time
constraints
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e Safety in Motion Planning

— Methods to prove the safety of the plan and the
trajectory tracking controls

— Control synthesis algorithms to generate safe control
bounds in collision avoidance scenarios
« Temporal Requirements in Motion Planning

— Two methods to solve the motion planning problem
with timed temporal constraints

e Convert the temporal constraints to an optimization
problem

e Convert the constraints to timed automata
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Part I: Reachable set based safety verification and

control synthesis
— 1.1 Reachable set based verification
— 1.2 Control synthesis using optimization

» Part II: Motion planning for temporal logics with

finite time constraints
— II.1 Mixed integer optimization based method
— [1.2 Timed automata based method

* Part III: Event —Triggered Controller Synthesis for
Dynamical Systems with Temporal Logic Constraints

* Part V: Event —Triggered Feedback Control for
Signal Temporal Logic Tasks
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Part |: Reachable Set Based
Safety Verification and
Control Synthesis
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Part |.1: Reachable Set Based
Verification
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» Verification of the safety of the motion planner and the
trajectory tracking controls for UAV! and autonomous car.
— Reference trajectories
— Trajectory tracking controls
— Q: How to prove safety of the system given sensor noise, control
disturbance and dynamics of the system?
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1. J. Moschler, Y. Zhou J. S. Baras and J. Joh, “A System Engineering Approach to Collaborative Coordination of UAS in the NAS
with Safety Guarantees”, Proceedings of 2013 Integrated Communications Navigation and Surveillance (ICNS) Conference,
Herndon, Virginia, pp. U1-1~U1-12, April 8~10, 2014.
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* Reachable set of a dynamics 1s defined as
set of states reachable at a particular time
from a bounded initial set, a control set
and a disturbance set.

exemplary trajectory

N

\l

N

initial set reachable tube

« The occupancy set of a vehicle can be K
computed from the reachable set and the Xt
size of vehicle.

« Efficient reachable set computation
normally uses convex approximations _ i
such as ellipsoids [A. B. Kurzhansk invaniant =} : o\ —

« 2000] and zonotopes [M. Althoff et al initial set
2008, A. Girard et al 2006]. =

» The control sets can be synthesized
collaboratively so that the reachable sets
of the UAVs have no intersection. [Zhou
and Baras CDC 2015]

reachable set

10
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« Lateral dynamics of

autonomous vehicle

©(t) = A(t)z(t) + B(t)u(t) + v(t),
z(0) € Xy, u(t) e U(t), v(t) € V

* Trajectory tracking

controller based on MPC

u(t) = —K(t)z(t) + h(y(t),t)
* Overall linear system
£(t) = Ac(t)e(t)+o(t) + BOR((1), 1)

w(t)EW(t)

11
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RI: (5. fl,[] ) — (t)c(é. 0::'(X, 3, RI' "5.. {0} }

V =R(4,{0})
A.t) = A(t) — B(t)K(t) 1s the matrix of the closed loop system.
$.(t, s) 1s the transition matnx for the closed-loop system.

reachability tube the union of €2;. iy «— &L BV

®; = P ((i+1)4,25), V =R(4,{0}) 4 is the sampling rate

12
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Reachable Set Pt

Algorithm 1 Reachable Set for Linear System
Input: Imitial set &}, horizon T, sampling step N.
Output: Reachable set R(|0.7], &)

1: 0« T/N

2 T5 4 SUP, W) fg $ (t, T)w(T)dT

3 V « B(r;) > R(4,{0}) overapproximated by V

d: S5 sup,. . (9.(6.0) — I — A (d))r

5: g « CH(Ap U $pXyp) B B(ss +r;5) e R(|0, 4], Ay) overapproximated by {1
6: fori from0Oto N —-2do

7 L,V & Computationally expensive
8: end for

o: return .oy

13
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Over-approximation 1S

Ai — ;A

Si*_'sl 1'3”:""1 1

Vi @, Vi,

(L, — A; & ;

where the induction is initialized by, Ay « O, Vg « V. & « {0}.

14
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with Linear Dynamics s

(Hybrid Automata). A hybrid automaton H is a tuple H =
(Q, X, Flow,I,Trans,Sy) defined by the following components:
e (): a finite set of discrete locations g;, which are vertices of a graph (V, E)

whose edges are discrete transition defined by Trans.

e X: a finite number of continuous state variables |ry, ..., 1 x| € RX! whose

dynamics is defined by Flow of every location g;.

e Flow: a set of predicates on the derivatives of continuous variable, more specif-
ically, Flow(q) specifies the set for allowed X x X . The particular flow condi-
tion we are used here are general nonlinear systems in the form of r = f(z, w),

forw € W. If the underlying dynamics at each location is linear then conver

W is assumed.

15
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e I: invariant set is a set of predicates on the continuous variables X for each
location. If the underlying dynamics is linear then conver invariant constraint

is assumed.

o Trans: is defined by a set of transition £ C Q x Q and its associated jump
predicate G on X and jump function u. The transition from q to q’ is taken,
if there erists a transition from q to ¢’ where its predicate G is satisfied, then

nert state ¥’ = p(r). Denote the set of state satisfying G as G.

e Sy: a set of initial state Qp x Xy C Q x X.

16
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Computation using reachable set based methods has been demonstrated for
real-time applications of autonomous vehicles with high degrees of nonlinearity

The outcome of the reachability analysis includes reachable sets of po-

sition and orientation of autonomous aircraft along with piloted aircraft that are
inside the surveying workspace. When there are nearby friendly aircraft which are
autonomously controlled by the same high level control system, the reachability set
data i1s shared and safety is verified by checking that the reachable sets are not
colliding in any instant of the time. The UAV operator will be able to obtain the
reachable tubes of the autonomous aircraft in almost real-time and transmit location

and trajectory data to Air Traffic Control (ATC) and nearby aircraft if desired.

17
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Planned trajectory. The blue and green arrows mark the initial positions
of the UAVs. The crosses marks the waypoints for individual UAVs in a survey tasks.
Possible information 1s marked by doted area. The corresponding curve are reference

trajectory generated by the planner.
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Collision X
, Trajectory | ¥+ e | Avoi I I
» Lateral dynamics of panner. | P Controler [  Norlinear [~
] (MPC) ateral Model
autonomous vehicle
‘/E(t) — A(t)l’(t) —I_ B(t)U(t) —I_ ’U(t), Discretg State .
z(0) € Xy, u(t) e U(t), v(t) € V @ | Freder
* Tra.] eCtory traCklng T = Target Lane Center
controller based on MPC oL | Retorenco pan
I Stopped Vehicle | I e
- S -
u(t) = —K(t)x(t) + h(y(t),1) i
 Overall linear system =
£(t) = Ac(D)e(t)+u(t) + BOR(K(),1) +
v oF
w(t) EW(1) .
* Verification result A R

19
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(a) Reachable set projected to longitude
distance r and relative lateral distance y.

[+
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1

¢) Reachable set projected to relative lat-
eral distance and relative heading.

Figure 2

Reachable set of linear hybnid system model.
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(b) Reachable set projected

to longitude

distance r and relative heading «
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(-]
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(d) Reachable set after adding deviation on

lateral speed and vaw rate.

In all the plots,

reachable sets are shown as blue polytopes and simulation traces are black lines.

The noise produced a large deviation on the reachable set (Fig.

(c) and Fig. (d)).

Although the system is still stable, the system 1s not robust in rejecting noise.

the

Results
with
Noise

20
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(a) Occupancy set of the vehiele for hybrid linear system model without
SeNsSor noise.

(b) Occupancy set of vehicle for hybrid linear system model with sensor

noise
Figure 2.5: Clearly the hybrid linear model is not robust in terms of rejecting
sensor noise, the occupancy set is enlarged to about Im around the vehicle. In this
particular case, the distance required to avoid collision is reduced for about 2m due
to the sensor noise.
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Results
with
Noise
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Introduction

Existing Research

— Dynamic Coverage Planning

— Current Sensing Capabilities

— Approaches to Low-Level Control

— Approaches to Formal Safety Verification

Framework and High-Level Dynamic Coverage

* Designing a Potential Function for Added Safety

— Incorporating relative speed

Safety Verification

— Linear system
— Nonlinear system with reference trajectory

22
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* Objectives
— Coverage planning algorithm for multiple UAS agents

— Collision avoidance of fast-moving piloted aircraft as well
as other UAS agents

— Utilization of a potential function to assure safety of the
reference path

— Online safety verification for individual agents

« Daifficulties
— High level plan vs low level safety verification.
— Complex dynamics of quadrotor platform
— Optimality vs safety

23
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e Dynamic Sensor Coverage Planning (Heuristic and Otherwise)

— Cellular decomposition and dynamic coverage for autonomous
underwater vehicles [Hart 1998]

— Approximate cell decomposition used by insects [Choset 2001 ]
— Duvision of an area into flight corridors [Mellinger 2011]
— Multi-resolution Cooperative Coverage [Gupta 2012]
« Existing Sensing Capabilities
— GBSAA (Ground-Based Sense And Avoid) [Drake 2011]

— Portable ADS-B Receiver [Garmin 2012]
— Target tracking methods and turnkey systems [Parker 2002, Flir 2012]

« Approaches to Low-Level Control

— Gradient Descent Algorithm using artificial potential fields [Hovareshti
2009, Khatib 1986]

24
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» Approaches to Low-Level Control (continued)
— Model Predictive Control for Quadrotor Platforms [Raffo 2010]
— High Performance Waypoint Control for Quadrotor Platforms [Richter
2012]
» Approaches to Formal Safety Verification

— Various methods for numerical analysis of reachable sets [Stursberg
2003, Asarin 2000, Guernic 2010, Althoff 2013]

— Reachability for LTI [Girard 2006]
— Reachability for Hybrid system with linear dynamics [Dang 2011]
— Reachability for Nonlinear system using hybridization [Guernic 2009]

— Reachability for nonlinear system using Taylor series expansion
[Althoff 2010, 2011]

— Application in Biology and Autonomous Vehicles [Dang 2011]

25
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Synergistic
Planning
Interface

Local Sensors

¥

Low-Level control
algorithm

High-Level control
algorithm

T.

Map
GBSAA
ADS-B

Safety

Verification

26
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« Obstacles (black for static and blue for dynamic)

— Static Obstacles
 Physical obstacles such as buildings
» UAS patrol area boundaries
— Dynamic Obstacles
e Manned aircraft moving through the patrol area.

» Trajectories and positions are predicted with some
uncertainty.

27
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Fast Moving aircraft
in 2D projection
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e Cell Decomposition (red dotted line)

— Decompose the known target coverage area in an
arbitrary direction (vertically in the illustration)

— Cell width 1s defined by sensor range

29



Fast Moving aircraft
in 2D projection
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* Constraint Set (blue dotted box)

— Assign virtual corridor constraint set along the
direction of decomposition [Hert et al 1996, Mellinger
2011]

— Sensor range and static obstacles define the two end
points of the constraint sets

— Within the corridor, UAS agent 1s 1n a patrol state,
surveying and recording data in the region of interest.

 Waypoints (black x)
— Ends of the corridors
— Added when corridors are decomposed

31
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e Initial Location

— Assign 4-5 agents to waypoints arbitrarily in space

* Corridor Decomposition

— When two agents are at the same long corridor,
decompose the shared corridor and its neighbor.

— Agents will be assigned an adjacent corridor accordingly

— If the corridor 1s short, one agent 1s assigned to move to
other nearest corridor immediately

e Constraint Optimization
— Corridor constraint

— Moving to next waypoint

33
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e Real Time Execution

— Agents can meet in the same corridor. Decomposition 1s
needed.

— Coordinate to decide the next corridor to survey.
* Decay Time

— Area being surveyed has a decay time. Over time the

region will be required to be surveyed again. [Gupta
2012]

— Waypoints will decay as the associated area decays.
This will keep the complexity of the overall map stable.

36
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« Use a potential function to derive a local field based
on velocity and avoid dynamic obstacles

— Follow a desired trajectory assigned by the high-level
planner

— Repel away from other UAS agents and piloted aircraft
— Incorporate relative speed 1n traffic avoidance

2
2

Na
-1 -1
Ja(xa):Zbl.f(xa,xai,Vﬁ) +g(x,,Xx ,v ) + X, — X,
i=1

x, eR°\ O

39
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2 2
4 -1 -1
Ja(xa) \ Zbif(xaﬂxaiﬂvri) g(xaﬂxmﬂ Vm) +‘ Xa _Xya )
=]
» Repel away from other UAS agents
— f 1s similar to a squared Euclidean norm but modified
to include relative velocity.
Agent position : X
Position of ith agent : x
Relative velocity towards ith agent : v .
f(xa > Xai ’ Vri) = (Xa _ Xai)T ])aiDailjaiT (Xa — Xai)
Vrix
[v. b 0 0 L |
P=l"" G 5| p=lo 10 , where 0,,0, e R are picked to make
Iv.| 0 0 1 the matrix P, orthonormal.
Vriz
[v.

40
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2

-1
g(x,,X, ,V, ) +‘Xa -X,

J (x)E Zabif(xa,xai, v.)"
=]

2

AN P

UAS agents avoid one another.
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Na
Ja (Xa) = Zbif(xa > Xai 2 Vri)_1
i=1
* Repel away from piloted aircraft
g(x,,x, ,v )= ((Xa -x )Y PD P'(x, — Xm))_l
 P_and D, are constructed similarly to P, and D,

* g1s designed to create a steep gradient

» Strongest potential gradient 1s used to push UAS
agents out of the way of any piloted aircraft

« Radar-based GBSAA might provide locations of
piloted aircraft

42
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Na
Ja (Xa) = Zbif(xa > Xai 2 Vri)_1
i=1

=10

Gradient pushes UAS out of the way of piloted aircraft.
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Na
Ja(xa) = Zbif(xaﬂxaﬂvri)_l +g(Xa’Xm9Vm)_1
i=1

* Follow desired trajectory from the high level
planner and optimized trajectory.

— Each agent 1s “attracted” to its reference trajectory
by a potential field.

— If the agent 1s delayed, the target point along its
trajectory will stop and wait.

— In the quadrotor example, the optimal trajectory can
be modified to minimize snap (second derivative of
acceleration).
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LTI System, B =1
X(7) = Ax(¢)+u(?) x,ueR"x(0)=x,

e Separation
x(¢) =e"'x, + j-; e u(r)dr
* Reachable Set for LTI

(1) = Ax() +u(t), x(0)eX,,u(t)el

Rs(Xy) = eéAXo D R5(10})

45
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e [inearization
x(¢) = f(x,u,x,)
= f(x*,u%,x,)+V f
+ higher order term,
x(0)e X,,u(®)el
e Separation

(x=x*))+V f

(u—u*)(7)

x=x* u=u%*

R([(k—1)-rk-7])—>

— Enlarge by inputs P
CEnlrgeby (0 Comes
linearization Q gg £ k; )1) 7).
error R((k—1)-7)
enlarging
@® @ 3

Image courtesy of [Althoff 2010]: Safety Verification of Autonomous Vehicles for Coordinated Evasive Maneuvers
Matthias Althoff, Daniel Althoff, Dirk Wollherr and Martin Buss
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* Given a reference trajectory, is the autonomous vehicle or
aircraft safe?
— Trajectory separation # safe
* Modeling error, uncaptured dynamics and initial state uncertainty

— Lyapunov stability analysis is not enough
» Reference trajectory is updated online

— Aerodynamic interaction and modeling uncertainty

» Linearization with reference trajectory

Let z=[x,u],
then the inclusion can be formally described as
: 1
X(t) € f(z%,x,)+V [|,_,. (2=2%)(1)+ 5 (z-z%'V,f| (z-2%)()

2=t
where € takes values in the set {z*+a(z—2z*)|a €[0,1]}

47
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 State variables
— Position p=(p,,p,,p.)
— Position derivatives v=(v,,v,,v.)
— Attitude (roll pitch yaw) R = (¢,6,)
— Body frame rotational velocities Q =(p,q,r)
X=(Ps Dy PosVes VsV 0,0,0,p,q,1)
* Inputs
— Total thrust F’ aligned with body frame “up”
— Input variable u = (F,M,,M,, M)
— Rotational momentum M =(M,, M,, M,)

48
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* Dynamics

fp — V
. F cd 0 cgsb
<V——ge3 —I—;Re3 RW: 0 1 S¢
R=R'O sé@ 0 cgcl
Q=J"'M-QxJQ)

/cﬁcw —sOsgsy  —chsy  cysO +cOsgsy A
R=|cysOsg+cOsy cocy —cOcysp+sOsy
\ -c¢sO S@ clco )
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e Thrust Controller
€, =P, P, €, =V, —V
F.,=K,e +Ke +mge, +ma,
=¥, sz,
 Attitude Controller
e, =1/2(-R,R+R'R)) ., e, =w, —w
M=K,e,+K e
— V is the vee mapping from SO(3) to R?

50
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* Overall differential equations

k(1) € f(z%,x,)+V, f

-I—%(Z—Z*)TVif

x(0)e X,,u(t) eld

7=72%

7=

(z—2z%)(1)

(z—2%)(1),

51
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« Reachable set computation
for agile maneuver of one 2
quadrotor 1n Xy projection.  1s

 The initial set has 0.05m of 16
on position uncertainty. Lal
Limited disturbance is

added.

 Starting set 1s highlighted
by red square. Waypoints
are marked as red ‘x’

It can be seen that the 05 1 15 5 25 3
system without disturbance
1s fairly stable.

X
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e Combining two UAV
reachable set together, we
conclude that the original
plan 1s not safe, since the
separation between the center
of the UAYV 1s not large
enough.

X

* Future work mnvolves adding
disturbance and uncertainty
to different state of the
system based on physical
platform and environment.

2.5

2L

15¢

1+

0.5+

Not Enough Separation

|
15

\
2

\
3

|
3.5
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e Add a variety of UAS states
— Takeoff
— Land

— Emergency

* Integrate simulations with other simulations of
NAS traffic
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Part 1.2: Control Synthesis for
Collision Avoidance
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« Control synthesis of safe reachable tubes for collision
avoldance using convex optimization

— Proposed a method to convert the collision avoidance of
reachable tubes to convex optimization problems

— Analyzed for collaborative and non-collaborative settings

— Resulting control tube can be constant over time? or
time varying?

— Demonstrated on high dimensional quadrotor s
and fixed-wing dynamic model S

2. Y. Zhou and J. S. Baras, “Reachable Set Approach to Collision Avoidance for UAVs", Proceedings 54th IEEE Conference on
Decision and Control, Osaka, Japan, pp. 5947-5952, December 15-18, 2015.

3. Y. Zhou, A. Raghavan and J. S. Baras, “Time Varying Control Set Design for UAV Collision Avoidance Using Reachable Tubes”,
Proceedings 55t IEEE Conference on Decision and Control, Las Vegas, USA, pp. 6857-6862, December 12-14, 2016.
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» Existing approaches for
trajectory based collision
avoidance

= Artificial potential function
based planning

= Velocity obstacle based
avoldance o o

= Rule based
= Re-plan based O ®
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Challenges

e State of the Art and @

Existing approaches for trajectory based

collision avoidance based on tubes*

= Artificial potential function based planning [N.
E. Leonard and E. Fiorelli 2001]

= (Collision cone based [C. Carbone 2006]

= Based on tubes*. Game theoretic framework,
treat other vehicles as adversaries. Nonlinear
dynamics. Complex, requires solving PDEs,
does not scale to high dimensional space

Challenges
How to provide safety guarantees for unknown
execution of the other vehicles
How to avoid other vehicles given sensor
uncertainties and control disturbances in a
collaborative setting (real-time and online)

4. Gillula, J. H., Hoffmann, G. M., Huang, H., Vitus, M. P., & Tomlin, C. “Applications of hybrid reachability analysis to
robotic aerial vehicles.” The International Journal of Robotics Research, 0278364910387173, 2011
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» Reachable set ‘R[0] of a dynamics at

time @ 1s defined as set of states

e e e «— unsafe set
reachable from a bounded 1nitial set cempirytraieciory G
N,

X,, a control set U and a disturbance =
set V. . N
. initial se reachable tube
= The control sets are synthesized so [—’ o

that the reachable sets of the UAVs
have no intersection.

= Efficient reachable set computation
normally uses convex over-
approximations such as ellipsoids and N \Sf“fhreaﬁ’ep;é’ﬁ;?.i“?él
polytopes and linearized dynamics
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* Goal: seek a control set design for
aircraft A and B

aircraft

= The new control constraint sets are more restricted
than their initial ones.

=  Guarantee collision avoidance between reachable
sets

* Decompose the problem to two parts

= Seek a tighter control constraint set for
aircraft B such that

= (ollision free from nominal trajectory of
aircraft A

= The control set of B remains large enough.

= Seek a safe reachable tube for aircraft A such
that A and B are apart by required separation
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Z

Convex Sets v'4

* For Linear Dynamics given by

z(t) = A(t)z(t) + B(t)u(t) + v(t), (2)
where U(t), Xy and V are all convex and compact sets.
= [emma:

With U(t), Xy and V being convex and com-
pact, the reachable set R[] is also convex and /
compact.

= Support Function
Denote p(1|X) to be the support function of the
set X at direction . p(I|X) = max{{l,z) |z € X}
* Nonlinear dynamics can be linearized around nominal
controls u”(¢) and trajectory x"(z)

_9f

T ?
Ox -

_9f

- Ou,_

A(t) B(t)

u*
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Associated Reachable Set Biia

* [f we assume all the sets are approximated in terms of
ellipsoids

= Let ¢, and M, denote the center and shape matrix of an
ellipsoid, then if z € X = E(cx, My)
(x — cx, My (z — cx)) < 1.

* The Reachable Set can then represented by the following,
LY,
o(IR) =[(, B9, 0)ex. | + <z, /0 (), S)B(s)cu(s)ds>

%)
+ 11, ®(0,0) My, 7 (9,001} <z/ Cb(ﬁ,s)cv(s)ds>

9
+f (1, (9, s)B(s) My BT ()07 (9, s)1)"/* ds
0

v,
+f (1, (0, 5)MydT (9, 5)1) "/ ds
0
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SYetiis Distance Usi ng Support < 7
Function e
dist(p, X) = max (I, p) — p(I|X) dist(X,Y) = max — p(—1|Y) — p(I|X)

[
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=  Assume that we know that the time to collision between the
UAVs 1s 1 s, the distance between the reachable set of B and
estimated nominal trajectory of aircraft A ck is:

max (1, C§(7)> — p(IIRZ (7))

* The design parameters are the center and shape matrix of the
new control set denoted as E(q(?), O (t)'O(t)).

* The first optimization problem can then be described by

JChax max (l,ex (7)) — pUIRZ (7)) + k [ log(det(Q(2)))dt

subject to E(q(t),Qt)TQ)) cUuP vtelo,r7]
I} =1
(Lex () = p(IRZ (7)) 2 0
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TRYLN

* To simplify, we fix the separation direction / and
remove the time dependency of ¢, and Q.

e (17 ek (1) = p(U[RE (7)) + k(log det(Q))
subject to A>0
(1-X 0 (q—cB)T]
0 Al Q ~ 0
g—cg Q  Mf

(1%, ¢ (r)) — p(I*|RB(7)) > 0

'
p(IRE (1)) = (1,e™ R ) + <l,/ eA(t_S)dqu> + (l,eAthoeAtDl/z
0

1/2

t
+ / <l,eA(t_S)BQTQBT(eA(t_S))Tl> ds.
0
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e p(l|RZ (7)) can be upper bounded by p(I|RZ (7)) using
the matrix norm property. Then the objective function
can be lower bounded by (I*, ¢k (7)) — p(I*|R2 (7)) where

t
AARE®) = (I, e*c] ) + <z, / eA<f—S>dqu> + (1, eMMEB Aty
0
t 1/2
+ ||Q||2/ <z, eA(t_S)BBT(eA(t_S))Tl> ds.
0
e This makes the whole problem convex

 We then used CVX? to solve the convex optimization
problem

5. M. Grant and S. Boyd, “CVX: Matlab Software for Disciplined Convex Programming, version 2.1,” Mar. 2014.
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TRYLN

= After the reachable set of aircraft B 1s determined, we
compute the largest control set of aircraft A such that the
reachable set maintain enough separation.

max log(det(Q))
qeRm’QERme
subject to E(q,QTQ) cu4

—p(=U*|R (1)) — p(I*| E(c}, M¥)) > 0

* The constraint can be again relaxed to obtain a convex one.
t
<l*,e‘4tc34{0> + <l*,/ eA(tS)dqu> — <l*,c§>
0
o <l*7€AtM§OeAtl*>l/2 o <l*,M§l*>1/2

t 1/2
@l [ (e BBT A TE) P 0
0
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= (Consider collision avoidance for

quadrotors. i
— The dynamics of the quadrotor®is L/
linearized around the hover mode. T |
— This reduces the dynamics to a ten e o
dimensional (x,y,z,¢,0,u,v,w,p,q) b
system with three inputs (/M ,,M,). ZAEEN
$=v 0 I 0 0] [0 0
. n F R 0 g 0
UV = —ges — 1nesg o o —g 0 o - 0 0
. ) m |:> A= N . B= m
R = RS} 0 0 0 I 0 0
(I 0 0 0 I2><3J_1_

Q=J"1=QxJQ+ M) - - -

6. D. Mellinger, N. Michael, and V. Kumar, “Trajectory generation and control for precise aggressive maneuvers
with quadrotors,” The International Journal of Robotics Research, vol. 31, no. 5, pp. 664—-674, 2012.
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* Scenario 1s that two quadrotors are approaching each other
from coordinates (7.6, 0.5, 0) m and (0,0,0) m with initial
speed of (-0.2,0,0) m/s, and (0.2,0,0) m/s respectively.

» The separation requirement 1s / m. The time to collision 1s
T=4s
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Tube IRl

= The reachable tubes of x, y
position only 1n the

Reachable Tube in x y space for time interval [0,4]s

bottom plot shows that the By
reachable sets overlap at A ’,
the time of collision and 2. /1 2
earlier £ 0. -

* The darker colored onesin =~ . =
the center is the inner " |
approximation of the

reachable sets.

= The example trajectories
are shown as dotted lines X (m) 50
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Control Set Synthesis Shied
Constraint Control Sets for aircraft A and B 5 Reachable Tube in x y space for time interval [0,4]s

= o g

-0.24 .

05

5

-0.2

0.5 "4 0.1 0 «m) 0 05 1 15 2 25 3 35

u, (Nm) time

" On the left are the resulting control sets for aircraft A and B, on the right
are the overall reachable tubes computed from the new control sets.

» (Close examination of the reachable tubes also shows the resulting tubes
are collision free at every time instance.

= Some of the example nonlinear trajectories are shown as doted lines
within the reachable tube.
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=  More complex nonlinear dynamics due
to aerodynamic force’ d

» Linearize around trimmed primitive

motion (coordinated turn, straight
leveled flight)

=  Focus on longitude motion with leveled
cruise mode.

= The states are (x, z, u, w, g, 8), control
inputs are (0, J,)

éZR’l)b — _ B

0O 0 1 0 0 0 0
TV — qu 1 (1= 00 0 -1 0 uwu 0
= |qu—ru|+—|F, 0 0 X, X, X, —g Xs,
qu—pv) " \F. =) 4= 0 0 Zy Zy ZZ o=z
R = RO o o0 M, M, M, O Ms,
0O 0 O 0 1 0 0

Q=J Y -QxJQ+T) - - -

7. R. W. Beard and T. W. McLain, Small unmanned aircraft: Theory and practice. Princeton University Press, 2012.
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Setup for Fixed-wing 3R

Scenario 1s that two aircraft
are approaching each other
from coordinates (320, 10,
0) m and (0,0,0) m with
initial speed of (=76, 0, 0)
m/s, and (16,0,0) m/s
respectively.

The separation requirement
1s /0 m. The time to
collision 1s 1=10s.

The nominal trajectories are
the doted lines 1n the centers
of the reachable tubes

400

Reachable Tube in x z space for time interval [0,10]s
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Reachable Tube in x z space for time interval [0,10]s

Constraint Control Sets for aircraft A and B

y (m)

8, (rad)
L]

-0.01

: : ‘ : % (m .
-0.01 -0.005 0 0.005 0.01 (m) time

5, (N)

* The left figure shows the control sets of aircraft A and B, with the 1nitial
control set. The constrained control sets are much smaller compared to the
original one, so only the centers of the ellipses are visible.

* The right figure shows the result reachable tube.
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= We seek a control set update rule
design for ego aircraft in a non-
collaborative setting

Intruder

=  Guarantee collision avoidance with reachable tube
of the intruder aircraft

= The control constraint set should be time varying
= (Collision avoidance at every time instance

= Seek a tighter control constraint set
such that

= (Collision free from predicted reachable set of
intruder at all times

= The control set should be as large as
possible.

= Variation in the control set should be small
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Assume the control sets are scaled versions of the original

set U
E(cy(t),a(t)Mg) CU Vi

The new optimization problem 1S the following

max max

q(t),a(t) 1(t) ft o b(t)a(

subject to vt € [0, T]
E(q(t),a(t)Mg) C E(cg, Myg)

—p(=l()| R (1)) — p(l(1)|RE(E) > O

where u(t) = TAt+1).

Let the control set update law be discrete, updated every

Ol () = Blaalk), ou(k)My) Vs € [kt (k + 1)60)
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* To simplify we assuming /(¢) = /*(¢) based on nominal
trajectory, then the separation constraint becomes

(15(), & (6)) = (1" (t), Mg (1) = (1°(1), e, )
_<l*(t)7/t A(t—s) Bq > <l AthgoeAtl*(t»l/g

A

~

h(q,t)
r(s,t)

N

N\

t” 1/2
~ / <z*(t),6A<t-S)BMgBT(eA<t—S>)Tz*(t)) a'/2(s)ds > 0.
0

NN

v

"

g(a,t)

= Let the control set update law be discrete, updated every ot.

U(s) = E(qq(k),a*(k)My) Vs € [kdt, (k + 1)6t)
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= At time kot, the constraint on g and a, corresponding
to 4 and g, are affine.

h(q, kot) = < (k6t) Z / A(kétS)quds>
(i—1)6t

A(két—s)bj ds qu>
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* The overall Optimization can be rewritten as
T, HT
e wla— il
subject to Vk e 1,2..N :
A(k) > 0
11— A(k) 0 (qr — cg)"|
0 MK ap(Mgz)Y2| =0
ar —cg  ar(My)'? Mg |

p(—1(k3) R (k6t)) — p(1(k6t) RS (kb)) > 0
= ais the scaling of the control sets over time. g captures the center.

= HT'q captures the variations in discretized control set center.

= ||X]|g represents the Frobenius norm, i.e. ||X| |F _ ( NN |xl.j |2 ) 12
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= (Consider collision avoidance for

quadrotors. i
— The dynamics of the quadrotor®is L/
linearized around the hover mode. T |
— This reduces the dynamics to a ten e o
dimensional (x,y,z,¢,0,u,v,w,p,q) b
system with three inputs (/M ,,M,). ZAEEN
$=v 0 I 0 0] [0 0
. n F R 0 g 0
UV = —ges — 1nesg o o —g 0 o - 0 0
. ) m |:> A= N . B= m
R = RS} 0 0 0 I 0 0
(I 0 0 0 I2><3J_1_

Q=J"1=QxJQ+ M) - - -

6. D. Mellinger, N. Michael, and V. Kumar, “Trajectory generation and control for precise aggressive maneuvers
with quadrotors,” The International Journal of Robotics Research, vol. 31, no. 5, pp. 664—-674, 2012.
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 We will consider collision avoidance for a quadrotor.

— The dynamics of the quadrotor is linearized around the hover.

— This reduces the dynamics to a ten dimensional system with three
inputs.

= Scenario 1s that two quadrotors are approaching each other
from coordinates (/, (.5, 0) m and (-1,0,0) m with 1nitial
speed of (-0.2,0,0) m/s, and (0.2,0,0) m/s respectively.

* The separation requirement 1s / m. It 1s fairly easy to
estimate the collision time which 1s T = 5s
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Reachable Tube in x y space for time interval [0,5]s

= Similar setup as the quadrotor — gt
one earlier, both UAV heading " e
towards each other B

= Top plot shows the initial
reachable tubes. Red tube is
for the intruder vehicle, while o T
the yellow one is for the ego o R TR s e e 0
vehicle.

= Bottom plot shows the S O N Y /)
resulting reachable tube. The S AR Y
nonlinear dynamics are B
included as dashed lines. SRS VO WS U S
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" Summary

* Developed several set-valued control designs for collision
avoldance problems.

= Provable safety guarantee by construction.

= Optimization can be done online and 1n real-time.
= Future work

= Collision avoidance between multiple agents

* Physical UAV implementation
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* Problem: How to generate
traicctory/path based on temporal N T
specifications such as ordering, 6 = ,r*_ """"""
repetition, safety? 2, N
+ State of the art: motion planning with }2 " i
temporal constraints without duration, B

such as Linear Temporal Logic (LTL). % i T

x{m)

* Two methods for timed temporal logics, Always Visiting

such as Metric Temporal Logic(MTL): area a,b,c and stay there

for at least 2s. Always

— An optimization based method?® .
avoiding obstacles

— A timed-automata based method’

8. Y. Zhou, D. Maity and J. S. Baras, “Optimal Mission Planner with Timed Temporal Logic Constraints", Proceedings of
2015 European Control Conference, Linz, Austria, pp. 759-764, July 15-17,2015.

9. Y. Zhou, D. Maity, and J. S Baras. “Timed automata approach for motion planning using metric interval temporal logic.,
accepted to 2016 European Control Conference, Aalborg Denmark, June 29 - July 1, 2016.
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Given:
A dynamic workspace (environment),
A time constrained task (@),
A cost function.
Objective:
Find the suitable control input such that the robot
completes the given task and minimizes the cost function.
Constraints:
Avoiding collisions with all static and moving obstacles
in the workspace.
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« Effective 1n representing high-level complex
logical tasks: has been used extensively in robotic
motion planning

« Commonly specifies safety and surveillance
related mission
« Composed of the following,
— Atomic proposition: 7
— Logic operators:
— (negation), V (disjunction), A (conjunction)

and = (implication)

— Temporal operators:
O (next), U (until), ¢ (eventually) and [J (always)
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* Condition: “After sensing M2, go to room A3
and stay there, otherwise stay at start (A0)”
(AO U sensor(M2) A sensor(M2) = OLIA3)

—uo

survivar)

* Surveillance: “Always gather data at
gathering locations and then upload the data,

repeat infinitely many times” .
([I()(gather — Oupload)) Reactive sarﬁpling based
] ) temporal logic planning?®
» Safety: “Always avoid obstacle region Al or i I
A2, while achieve task ¢” a |
O(—(A1 VvV A2) A ¢) @ By B —sR b
+._| t
« Traffic Rule ==

Receding horizon temporal

10. Vasile, Cristian loan, and Calin Belta. "Reactive sampling-based temporal logic path logic planning®

planning.” Robotics and Automation (ICRA), 2014 IEEE Intern. Conference on. IEEE, 2014.
11. Wongpiromsarn, Tichakorn, Ufuk Topcu, and Richard M. Murray. "Receding horizon

—_ temporal logic planning.” Automatic Control, IEEE Transactions on 57.11 (2012): 2817-2830.
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« Manipulation task planning?

— First, take food to customers and bring
the empty plates back to the
preparation area. Next, show the tip jar
to the ones whom have already finished
eating.

 The question is how fast to take the
food to the customers, or what 1s a
good time to ask for the tips from the

Towards manipulation
planning with temporal
logic specifications?

customers. So timing aspects are DFA || High-Level Planner ]
. (P=RxA,)
1mportant. Spectficaton ] -
« Many robotic tasks require finite time pobot —o pbracion [ Coordinating Layer ]__g;r;;.
. . (Fragment HL plans, assign weight)
constraints. Worsos o o
 LTL is unable to address finite time Low-Level Planner

: it (sampling-based planner)

constraints and hence we need MITL.

2. K. He, M. Lahijanian, L. E. Kavraki, and M. Y. Vardi, “Towards manipulation planning with temporal logic
specifications,” in Robotics and Automation (ICRA), 2015 IEEE International Conference on, 2015,
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Definition: The syntax of MTL! (MITL!"3) formulas are
defined according to the following grammar rules:

¢u=T|ln|-¢p|pVelpUi¢

where I € [0, o] is an interval with end points in N U
{oo}and the end points have to be distinct . w € [1 is the
atomic proposition.

More sophisticated MTL (MITL) operators can be derived
using the grammar defined above; such as: always in [; =1
U, , eventually always ¢; 0Oy, etc.

12. R. Koymans, “Specifying real-time properties with metric temporal logic,” Real-time systems, vol. 2, no. 4, pp. 255-299, 1990.
13. R. Alur, T. Feder, and T. A. Henzinger, “The benefits of relaxing punctuality,” J. of the ACM (JACM), vol. 43, no. 1, pp. 116-146, 1996.
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min J (6w, u(0))
Subjectto x(t+ 1) = f(t,x(t),u(t))
Xt, F @

Remarks:

The task ¢ may be a finite duration task within an
infinite time horizon task such as surveillance, periodic
tasks etc.
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A polygon can be represented as intersections of several half-
planes.

The constraint z; = 1 iff h] x(t) < k; is enforced by the linear
constraints:

hlx(t) < k;+M(1-z)) "
hlx(t) = k; — Mz} + €

where M 1s a very large positive number and € 1s a very small
positive number, and z; € {0,1}.

Let P =n", H; be a polygon with H; = {x| h x < k;}.
Define Py’ = Al-, z{, then P = 1iff x(t) € P.
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x; E P iff x(t) € P is equivalent to Py = 1.

The linear-integer constraints equivalent to P’ = 1
are given in (1)

Negation Operator:
o =-p: P'=1-PF
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Constraints (Cont.)

Conjunction Operator:
(p:/\{,;lpl: PtCPSPtpl’ i:l’...’m

m
Pt(p > 1 —m+thpi.
i=1

Disjunction Operator:

@ =Vi—iP;:

P’>PF, i=1,-,m

m
P Pi
N
1=1
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e Constraints (Cont.) oo

Lett € {0,1,---,N — t,}, N 1is the total time horizon for
planning.

Eventually within [tq, £5]: @ =0, ¢,1P
PP =PF, Te€{t+ty, -, t+t;)

@ {t+t,} 14
< Direeren Fr -

Always within [t1,t;]: @ = O ¢,1P
Pt‘p <P’ tef{t+t, -, t+t,}

t+t
¢ > Z§T+t%l—}t1}Pp +t; — t,.

96



o MTL Rules as Linear
ystems _
Constraints (Cont.)
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Until within |t, t,]: @ = pU [t1,t,]14
JE{t +tg, -, t+t,)
arj < @q,
a;; <P, kef{t-,j—1}
aj =PI+ Y PP +t—],
P’ < Xilie, @)
PY = ay;,
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u,zo,..gl]%lg{o,np ](X(t, w), u(t))

Subject to x(t+1) = f(t,x(t),u(t))
L(x(t),z;,t) <0 Vte]|0N]

The timed temporal constraint X;, = ¢ can been converted into
the linear and integer constraints.

Remark:

IfJ(-,) f(.,.,.) are linear functions of x(t) and
u(t), then entire problem will be a Mixed-Integer
Linear Optimization Problem.
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Jew =) qu(e)l
t=0
e (Quadrotor:
e Linearization 1s the same as the reachable set
computation. The system is linearized about hover.
e (ar:
e Linearized about different discrete angles 6
cos(f)

cos((g)) 0 { » ]:> t? 0
= | sin 0 A= sin
0 1 |t" o ﬂ

—’lALl Sin(é)
tycos(f) |3 B=

0

oo O

0
0
0

L. N

|
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e Task 1: B — g
— The specification N T

requires the : o -

autonomous vehicleto g, N

eventually visit area > .

‘a’, ‘b’, and ‘c’, and YN U R .

stay there for at least B

2 time units, while 0 . 4 . .

avoilding obstacles. X (m)

The grey boxes represent fixed
obstacles, while the blue one is a moving
obstacle with fixed speed.
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e Specification in MTL
1 =QU9,91A A QU 21 B
A OD[O)Q}C A U=-0

e The resulting
trajectory for the
linearized quadrotor
dynamics, projected 1n
2D.

2D projection of the trajectory of the
guadrotor satisfying the task.
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e Specification in MTL

¢1 =0Uj,21A A OUg 21 B
A OD[O,Q]O A =0

e 3D Trajectory

~ The trajectory avoids
the obstacle region in amell
time and space U O

L

.
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Results and Discussion

e If ordering between area A
and area B is restricted,
for example, area A has to
be visited first, the
modified specification in
MITL will be the following

¢2 =0U0,20A AN OUp,2 B A OUjg,2/C
A D=0 A ~Bli yi A

e 3D Trajectory from two
different points of view is
shown in right.
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e Task 2:

— The specification
requires the
autonomous
vehicle to
eventually visit
area A, B, C and
D, and stay there
for at least 2 time
units, while
avolding
obstacles.

A much crowded workspace. The grey
boxes represent fixed obstacles, while the
blue one is a moving obstacle with fixed
speed.
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e Specification in MTL

¢3 =000,20A A OUjg 21 B
/\<>[]UL2]C7/\<Q[]ULQ]I);K[:}ﬂ()

e The result for
linearized quadrotor
dynamic projected in

2D 1s shown 1n right as

blue dots 2D projection of the trajectory of the
guadrotor satisfying the task.
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e Specification in MTL

@3 =QU[p,90A A QLo 9B
A QD[O,Q]C A QD[O,Q]D A =0

« 3D Trajectory

60

— The trajectory avoids the R
obstacle region in time and 1.
space. “7 :
o Jy 2
o) e :
% _____ o
0 2 4 6 g 0 .
X ()
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Part I1.2: Timed Automata Based
Method
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ystems )
from LTL RS

edge
location |

\\ q

N

Q

e A program graph with locations and edges
e Alocation is labeled with the valid atomic propositions

e Taking an edge 1s instantaneous, 1.e, consumes no time

Remark: An LTL formula can equivalently represented by a Biichi Automaton
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Given:
A dynamic workspace (environment),
A time constrained task (@),
A cost function.
Objective:
Find the suitable control input such that the robot
completes the given task and minimizes the cost function.
Constraints:
Avoiding collisions with all static and moving obstacles
in the workspace.
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Problem hitiey

Example: Starting from
, Vvisit within the

time interval 7'}, visit

within time interval 7;

before visiting ., or <., T
robot must visit T T O O O
Eventually visit and R . A N
, and complete the | N O O
whole task in the least L ; .
time. e

The workspace of the robot.
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Time

Dynamical Properties:

1. The doors can be open or
closed at different times.

2. Presence of moving
obstacles.

The discretized workspace-time.
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Labeling function:
F:SxT - 2"

S: Workspace of the Robot.
T: Time 1nterval.

[1={m;|i=1,2,..n}: Set of propositions; ¢.g.
free space, regions (R,), obstacles etc.
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Time independent labeling function:

F;: S — 21t
[y = {nk,,‘ my € II,1 € T}: Time dependent set of
propositions
mx: € F;(s)ifand only if m, € F(s,t)
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Review: Linear Temporal Logic (LTL)

The syntax of LTL formulas are defined according to
the following grammar rules:

@ ==T|m|-¢| Ve | pUp |pRe

Boolean Operators: AND (A), OR (V), True (T), False (1),
negation (—)
Temporal Operators: Eventually (0), Until (U), Always (0) etc.
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Extended Linear Temporal Logic (LTL)
The extension of the LTL grammar 1s given by

@ = @U;p | R

U; means: ‘Until’ operation has to be true within time

interval /.

Other operators: Eventually within / (0;=T R;)
Always in I (o; =1 Uy)

Our LTL formula:
(OTl RS)/\(OTZR4)/\(_'(RBVR4)URZ)/\(ORl)/\(ORS)/\(D(_'O))
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i From Extended LTL Operator to  sggs:-
System )
e LAS

Classical LTL Operator s

Propositionl: The LTL formula ¢, U;p, Is
equivalent to ¢, ;o) Ue,; , Where I = [a, b].

Proposition2: The LTL formula ¢@{R;p, IS
equivalent to ¢, ;R@; [0,
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Example:
Formula: (¢a)A(0b)

Formula: aUb
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Workspace as State S

Transition System

18 /5
Q
b~

RYL.f‘é

v
.
.
‘
'
.
.
'
'
.
v
.
.
'
.
'

The workspace of the robot.

x+8
A

X+1

x=64

Transitional relationship among the
blocks in discretized workspace-time.
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i Workspace as State e
ransition System R

workspace-time Is given
by a tuple
{Q: QO) HI)C’Q’ TS, =& QF} % 1

fe

Remark: p:N - Q is a path l |

Definition: The equivalent
FTS(e) of the discretized A /‘
¥ i

with corresponding action
sequence aya, ...a,, then

p(0) € Q_O’ (@ +1), p(.i)) €= Transitional relationship among the
p(i+1) =TS(p(),a;) blocks in discretized workspace-time.

x=64
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the Equivalent Graph =i

The product automata P = {Sp, Sop, 2!, 6p, Pr},
where §p =8, X Q

Sop = 99 X Yy
Op:Sp x 21 — 29P
Pp = SF(p X Qp

= By construction the language of this product
automata is L(P) = L(¢p) N L(E).
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* Let the graph equivalent to the product automata be
GWV,E,W)

» |/ = §p 1s the set of nodes.
» E = dp 1s the set of edges.
= W 1s the weight associated with edges

* |n this case time spent can be put as a weight on
the edges.

* The resulting problem is a shortest path graph
search problem.
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For our simulation purposes we consider a non-
holonomic dynamics of a robot:

X1 [vcos®]
Y|=|vsinf]|.
V) W

Inputs: v and w.
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Systems Finding Control Inputs

* Find control inputs to maneuver the robot along the
discrete path obtained by solving the graph search
problem.

= Constraints:

While moving from one cell to another, the robot must
be confined within these two cells only.
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Projected continuous and discrete trajectories. (Dashed black line 1s the
discrete path and the red curve is the corresponding continuous trajectory.)
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Continuous trajectory in spacetime. (Red curve is the trajectory
generated for the robot and the black curve 1s the obstacle trajectory.)
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* Framework for time constrained planning problems.

» Extension of the LTL operators provides machinery to
express a time constrained LTL based task.

= Converting an extended LTL operator to a regular LTL
operator 1s also provided so that available model-
checking tools e.g. SPIN, NuSMYV can be directly used
to convert the LTL formula to a Biichi automaton.
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SR Future Directions

* Incorporate uncertainties into the system.

* Online planning and re-planning (incremental
planning) procedures.

= Multi robot systems and collaborative framework.
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Metric Temporal Logic (MTL) deals with model checking
under timing constraints.

Complexity of MTL model checking is undecided and
MITL (Metric Interval Temporal Logic), a subset of MTL,
has the complexity of EXPSPACEcomplete

whereas LTL is PSPACE-complete.

Signal Temporal Logic (STL), similar to MTL also
performs model checking with timing constraints.

Based on the fact that LTL is computationally less
expensive and that there is good availabllity of tools to
check LTL specifications, the previous method translates
a bounded time high level specification to a purely

LTL specification.
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guard

e Equipped with real-valued clocks x, y, z,

* Clocks advance implicitly, all at the same speed

e Traversing an edge is instantaneous, 1.€., consumes no
time

e Guards indicate when an edge may be taken
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invariant

e Clocks can be reset when taking an edge

e Assumption: all clocks are zero when entering the initial
location 1nitially

e A location invariant specifies the amount of time that

may be spent in a location
Remark: An MITL formula can equivalently represented by a Timed Automaton
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Robotic Action e S
L Prepare food 2
Prepare food |

)

posO | #=12:=0 [posI:B
P :—: L ) - Ehl J Warm food 2
z >0 2> 1 m| Warm food i
> = () - -— () N using
) o * | microwave
L4 Y
pos3:A h‘| ( pos2 | |
¢Sl ) z>i1fz=0 (251 \\ Food 2
- Food i
**| warmed

Robotic motion including manipulation task can
be captured in timed automata
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Timed Automata Based S

SySl‘gL?LEHIIS " N / .
Planning Example e
* Convert temporal logic + Specs:
formula to a timed Visit A before B and
visit B within [1, r]
automaton . MTL-
» Represent temporal logics as a tree ¢ = (~BUA) A (Op,nB)
structure * Tree: e
N
» Every operator in the tree can be ‘ - ‘
represented as a timed automaton U O
with input and output -1
) @) m

* The product of them results into a —

timed automaton again e
p(5)

134



SERSIT
Illﬁ['il;lgl{i:u for . 5 a

SEUE Resulting Path : @3

TRYLAS

7
Bty VA

(2[7]>=1 && (2[2]>0 && 2[3]=0))
;121:0 Z[31=0.2[71=0

(Z[7T]>=1 && (z[2]>0 && z[3]>0))

2[2]=0,2[3]=0,z[7]=0 [7]<=
(z[7]>=1 && ((((z[0]=0 && z[1]>0)
&8 0) && (z[4]>0 && z[5]>0))
1 && ((z[2]=0 &8 z[B]=0)) (2[7]>=1 && (z[2]>0
31>0) && 2[6]>0)) (Z[T]>=1 && ((z[2]>0 2[0]=0,2[1]=0,z[3]=0,2[4]=0, && z[3)>0))
St B8 2[6 2(5]=0,2[6]=0,2[7]=0 b (2[7]>=1 && (2[2]>0 8& z[31>0)) AR 2[2]=0.2[3]=02{7)=0
7[2]=0,2[3]=0,2 ; 7[2]=0,2[3]=0,2[7]=0
loc10_b

Z[}’I{-_-_‘;

(2[7]>=1 &8 ((2[0]>0
[11>0) 88 2[3]-0)) (2[7]>=1 88 22120 84
£[0]=0.2[1]=0,2[3]=0 [7]=0 2[2]=0,7[3]=

& (z[7]>=1 && (z[P]>0 && 2[3]>0))

2[3)>0)) 2[2)=0.2]3)=(] 2[7]=0

(z[T]>=1 && (z[2]>|0 && z[3]=0))
2[2]=0,2[3]=(.2[T]=0 (z[[7]>=1 && (2[2]>0 && z[3]=0))
z[3)=0,z[3]=0,2[T}=0

(Z[7]>=1 8& (z[2]=0 && 2[3]>0))

21220 4[3]=0 Z[7}=0

(Z[7]>=1 && (z[220 && 2[3]>0))
2[21=0,2[3]=0,2{7]=0

(2[7]>=1 && ((((z[0]>0 && zZ[1]>8Y
i A& (7[4]>0 && z[5]>01) && 7[6]=0)]

2[0]=0,z[1]=0.2[3]=0.2[4]=0, 1=0
loct  2[5]=0,z[6]=0,2[7]=0 loc3
Z[7T}<=1 Z[Vlf-'— 1 2[}’]<: 1
(2[7]>=1 && ((z[0]=0 && z[1]=0) && 2[3]=0)) (z[T]>=1 && ((z[0]>0 && 2[1]>0) && z[3]>0))

2{0]=0,2{1]=0 2(3]=0,2{7]=0 2[(1=0,2[1]=0,2[3]=0,2[7]=0

“ [ J
(2[7]>=1 && ((z[0]>0 && z[1]>0) && z[3]>0)) (z[7]>=1 && ((z|0]>0 && z[1]>0) && z[3]>0))
2[0]=0,2[1]=0,2[3]=0,2[7]=0 2[0]=0,2[1]=0,z[8]=0,2[7]=0 lc{'cf?_b
Z[7 <=1

» Generated timed automata and the fastest path using UPPAAL'"3

13. G. Behrmann, A. David. K. G. Larsen. J. Hakansson. P. Petterson. W. Yi. and M. Hendriks. “UPPAAL 4.0.” in Third

International Conference on Quantitative Evaluation of Systems, 2006. QEST 2006., 2006, pp. 125-126. 135
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We consider a non-holonomic unicycle robot dynamics

as given below:

Y

-5(-

0.

= Uu

'cos O]

sin 6
0

u and w are the control inputs.

- o 3

Since we are dealing with time-bounded motion
planning, we represent state and time pair by (q, t) where

q=[x,y,w]
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* Lemma: If u(t) and w(t) drives the dynamics from the state
(qOr 0) o ((’h’ 1): then,

u(to, t) = (L) and w(ty +t) = 7 W(t)
moves the system from (qq, to) to (qq,ty + A) for any A > 0.

Moreover, if U and w move the system optimally, i.e.
1
J(u,w) = min J [ru?(t) + w?(t)]dt
{u(w} J,

Then, u and w given above are also optimal for moving the system
from (qo, to) to (q1,to + 1).
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» Task: ¢ = (=AUB) A (0 B)

-5

\\ :
L

The robot starts from the initial position I (yellow block) and
according to the task, it visits B before visiting A.
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Table: Computation Time for Typical MITL Formula

MITL Map Grid | Transformation Number of Synthesis
Formula size Time (in s) Transitions Time (in s)
b1 2X2

< 0.001 22 0.016
b 2X2 0.004 69 0.018
b5 2X2 0.40 532 0.10
Qs 2X2 0.46 681 0.12
o 4x4 0.004 181 0.062
b4 8x8 0.015 886 0.21
g 8x8 0.015 1795 0.32

1 = (RAUB) A (QA) ¢3 = Q0,404 N Q0,41 B

o = U024 P4 = Q2,44 N Qpo,21B
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" Summary
» Expressed motion planning problem with metric temporal
logic for task planning
* Proposed two methods to solve motion planning problem

with timed temporal logic constraints

= Convert temporal constraints to mixed integer constraints

= Convert temporal constraints to timed automata

* Implemented a tool chain to convert timed temporal specifications to
a timed automaton

* The method is scalable as shown in the previous slide

* Future work
= Extend to robotic manipulation tasks
= Bridge the gap between action grammars
and motion planning / controls
* Extend to multi-agent tasks

= Complexity reduction
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Part Ill. Event —Triggered Controller
Synthesis for Dynamical Systems
with Temporal Logic Constraints
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Motivation U8

Motivation

Dynamic System

[s]1A]
V1

[s]Tal
v 1

Agent 1 Agent 2
- State esti - State esti &%
= Control = Control
- Communication - Communication
t 4 Event-based
'iv ; communication

[sTTA]
V1

AgentN

- State estimation
- Control
- Communication

pa——

Communication Network

’J

Target(X,,Y,,Z; ‘

Robovolc
““Localization

Camera Parameters
\ Corregtion
|-

z
- A
Broadcast y >
Swarm Paramotars i
Y -
r——
Command >

and Control

.
- " -
- 4.1
-
v PR
- & a
Swarm Performance bl Swarm o
Agregate Statsnic CFT Y satonaninvon T
v v
* -, A
P

The finite time logical constraints may arise due to the complex
task description or decision making process, while the
information constraints emerge as a consequence of the
limitations on communication and computation capabilities.

142



Systems Problem Formulation @

Optimization Problem:

minJ(x, u)
u

subject to = = f(t,z,u)
Li(z[to]) = true (x[to] = ¢) i=1,2,-.-,1
gj(t,z,u) <0 j=1,2--- k

Or feasibility problem

find u
subject to = = f(t,r, u)
Li(z[to]) = true (x[to] = ) i=1,2 w1
gi(t,z,u) <0 §=1,2,v++ .k

u is an event-triggered controller, i.e., it must not require continuous
feedback of the measurements.
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Let IT = {m,m2,--- ,mp}: Set of Atomic Propositions, with each m;, 3 a
labelling function £; : X — {0,1}. m; € & For finite time logic,
T CX=4&x][0,T]

LTL Syntax: The syntax of LTL formulas are defined according to the
following grammar rules:

¢pu:=T |7 |-¢|oVe|oUs| IR

LTL Semantics The semantics of any formula ¢ over the trajectory x[ty] is
recursively defined as:
xlto] = 7 iff Lo (z(to)) =1
toj = @1 A\ @2 iffm[t()] '= @1 and I[t()] l= D9
| = ¢1Uoy iff 3s >ty s.t. x[s| =d2 and V tg < s’ < s, z[s'] = ¢1.
to] = 01 Raa iff Vs > tg z[s] = 2 or 38’ sit. tg < 8’ < s, z[s] = ¢1.

B 8B R
-
=
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—Many existing works have proposed methods to design a controller to
satisfy temporal logic constraints.

—To mention a few amongst them:
Belta et al (IEEE TRO 2007), Kress-Gazit et al (IEEE TRO 2009),

Fainekos et al (Automatica 2009), Doherty et al (Autonomous Agents and
Multi-Agent Systems 2009), Guo et al (ICRA 2013), Lindemann et al
(ACC 2017)... and the list continues.

—However, the controller designed in this framework are feedback in
nature.
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Two Sub-Problems (A Compositional design approach)
© Design a feedback controller (y(xz(t))) controller to satisfy L;(x[tp]).

@ Replace vy(z(t)) by a suitable event-triggered controller.
—approximate the feedback trajectory as closely as possible
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r = fo(t,z)+ Z fi(t,x) - u;
i=1

I(t()) = I().

where z(t) € X C R", u;(t) € R. Let u;(t) = ~vi(z(t)) generates the
trajectory x,.

For a given € > 0, the objective is to replace the feedback controller
vi(z(t)) with an event based controller of the form ~{(xz(ty)) such that

sup |ze(t) — zc(t)]| < €
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(A1) ~:(-) and for all t, f;(t,-) are Lipschitz functions with Lipschitz
constants L% L} respectively, for all i =0,1,2,--- ,m.

(A2) (fi(t,z)vi(z))z(t,z) = d(f‘(tgj_g%(r)) are Lipschitz continuous with

Lipschitz constants L and o (gi“r)) is Lipschitz continuous with constant
0

L. |

(A3) y(t) is exponentially stable with

y=A(t)y

where A(t) = 2502 |

(3)

F(t,z) = fo(t,z) +>_i~, fi(t, z)vi(x)
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We design: Vit > ., yi(t) = ti.)) where t;. is the latest triggering
instance. Let e(t) = x.(f) — ( )

o(t) = Z ]fl(t Te)( 'f(lc( ))_ ."I(IC(t)))

For all t,

le®)ll2 < 5— [ e”“=99/22|15(s)||2ds (4)

21

to

c¢; depends on the characteristics of (3). (The proof is based on converse
Lyapuvov Theorem).
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C1€C3 w—“nt]
Event Generating Function

f%vent(“d

|2) = —€—|
C2C4

Event is generated when feyene < 0. This implies ||e(t)||2 < € for all .

. fevent () and 7 (x(tx)) together ensure sup, ||zc(t) — z.(t)|]2 < €.

Proposition (sufficiency)

Vt > tg, ||ze(t) — ze(tr)|| < 37 ensures |le(t)|| < €, for some
M = 28%"", M;L. and M; = sup,.q,_ fi(t,z).

€1€3
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Proposition (No Zeno behavior)

Inter event time for the event triggering mechanism feyent Is bounded
from below by Tin = ming (tp,q — t;):

Tin
eETrnin '/ I\'(S L tk)ds = G:L‘}
0
L=L;s+ X%}L lyi(z(t))ll2,
1
| m
K(s) = || fo(s,z(tx)) Z D) fi(s,z(te))||
i=0 2

Z||fzt1'||2<6 < oo and, Ly =max{L}|i=1,2,--- ,m}.
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So far given certain continuous feedback control laws,
an event triggered control law can be designed to
approximate the actual trajectory arbitrary closely.

Is It suffient? No.
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So far given certain continuous feedback control laws,
an event triggered control law can be designed to

approximate the actual trajectory arbitrary closely.
Is it sufficient? No.

Here is an example:
(p —

e A
' .
p——

- )
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and Temporal Logic

So far given certain continuous feedback control laws,
an event triggered control law can be designed to

approximate the actual trajectory arbitrary closely.
Is it sufficient? No.

Here is an example:
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search 2, Q

and Temporal Logic

So far given certain continuous feedback control laws,
an event triggered control law can be designed to

approximate the actual trajectory arbitrary closely.
Is it sufficient? No.

Here is an example:
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Formula (Fainekos 2008) Eos

In a given metric space (X, p) the open ball centered at x € X" of radius r
is defined as B(r) ={y € X | p(x,y) <r}. Let € > 0 be a given
parameter, then the e-contraction of the set Y C A" is denoted by
Ye={yeV| Byle) SV}

Similarly, the e-expansion of the set is denoted by

Y e={reX|Jyec) xe Byle)}.

For a formula ¢, the e-robust formula is constructed as follows:
1) replace each m;(C &’), which is not preceded by any negation, by 7.
2) any m; that is preceded by a negation (=) should be replaced by

m; U (A X€). When & = X for all finite € > 0 (e.g. & =R"),
mi o U (X X€) =7
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Let x(-) : [to,T) — X be a curve and the corresponding trajectory x|ty
satisfies the TL formula ¢ for some € > 0. Then for all 6 < € and for any
curve y(-) : [to,T) — X such that sup; p(z(t),y(t)) <9, ylto] = .

In order to construct a 7§, m; must have a non-empty interior (its interior
must contain a ball of radius €).
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* = f(t.x,u) ¢°

l l

[ Closed loop logical controller

140]

-

Event-triggered framework —[

4" Control - x = f(t" X, u) ______

Figure : Schematic of two-step event-triggered controller synthesis with logical
constraints
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-, ™ p— -—

T [cos @]
y| = [snf| v+ |0 w (7)
0 0| 1

where z, y € R? is the physical position of the robot (w.r.t. certain global
frame) and 6 € [0,360°) is the heading angle.

The task is given as follows:

. @ |
: ¢ = Oma A (-meUm) Al-m3  (8)
(\_/) | The formula defines the
| ‘ task of avoiding R5 until reaching R and
eventually reaching K2, and during the
Ml whole time the trajectory should avoid Rj.

159



ERSITJ,

The
II‘IH[[ ute for

SystemsSimulation Result: Example 1 @

(3RYLP‘$

Figure : The closed loop trajectory is plotted using blue line and the event
triggered trajectory with red line. The green tube around the nominal trajectory
has radius 0.25. The initial position and orientation of the robot is (—5, —2,0)
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Figure : The upper graph shows the triggering instances for the trajectory from
initial position to I?;. The lower graph shows the same for the other segment of
the trajectory.
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[iq] [sin(:rl )] [—1‘2]
J =— + u
I 2 I

where 1(0) = 0,22(0) = 1. m; = By(0.1) C R%. ¢ = OOy,
v(z(t)) = —x2(t), and we consider 7§ with € = 0.05.
i

Figure : Error components and the

triggering instances. Figure : Actual trajectory and

event-based trajectory.
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Framework for integrating event-triggered controller
synthesis and logic based controller synthesis.

Explicit event triggering condition derived, and that

condition is sufficient for ensuring the event-triggered
trajectory will not deviate more than € amount form the

ideal closed loop continuous trajectory.

Simulation results show significant reduction in
communicating the state value for updating the controller.

This reduces the communication and computation costs.
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Part IV. Event —Triggered
Feedback Control for
Signal Temporal Logic Tasks
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= [ntroduction
» Signal Temporal Logic

Event based Controller for Temporal Logic Tasks
= Problem Formulation

= Proposed Problem Solution

Summary
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Photo Credit: Hikan Lindgren Photo Credit: https://www.volvotrucks.com

@ Spatial tasks: reachability or sequencing

e Collaborative spatial tasks: connectivity maintenance, consensus,
formation control, surveillance, coverage

@ Timed tasks, i.e., spatial tasks under given deadlines

@ Safety tasks: collision or region avoidance
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e Temporal Logics allow to mathematically express complex tasks
that are imposed on multi-agent systems.

Environment scattered with obstacles  Group of Nexus 4WD Robots: = = f(z, u)

Complex Task:

R1 goes to A in no more than 2 minutes

R2 keeps a minimum distance to R1 and R3
R3 goes to B in no more than 2 minutes

R1, R2. and R3 avoid collisions

I
0@
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e Automata/abstraction-based approaches ! 2

e Game-based approaches 3 *

e Optimization-based approaches ° °

o Learning-based approaches ’

M. Kloetzer and C. Belta. I[EEE Transactions on Robotics. 2010.

S.G. Loizou and K.J. Kyriakopoulos. IEEE Conference on Decision and Control (CDC). 2004.
H. Kress-Gazit, G.E. Fainekos, and G.J. Pappas. IEEE Transactions on Robotics. 2000.

S. Dathathri, R M. Murray. IEEE Conference on Decision and Control (CDC). 2017.

Z. Liu, B. Wu, J. Dai, and H. Lin. [EEE Conference on Decision and Control (CDC). 2017.

S. Karaman and E. Frazzoli. Intemational Journal of Robust and Nonlinear Control. 2011.

-l O U = W N -~

P. Schillinger, M. Biirger, and D.V. Dimarogonas. [EEE International Conference on Robotics and Automation

(ICRA ). 2018.
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= Existing controllers are feedback in nature { generally
requires expensive communication & sensing resources.

= Abstraction based approaches generally suffer from state
explosion -- computationally expensive.

* [nability to incorporate time constraints in many existing
approaches.

We use Signal Temporal Logic and derive event-triggered
control strategies.

Key features: state- and time-constrained tasks, robust,
computationally-ecient (abstraction-free), inexpensive imple-
mentation (event-trigger communication & control)
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o Predicates® i are obtained after evaluation of a predicate function
h:R" —- R as
) Tifh(x)=0
P Lifax) <0

Y,
Example:

@ Assume the predicate ||x(7)| < e.

@ The predicate function

h(x(7)) := € — |Ix(7)||
indicates ||x(7)|| < € iff h(x(7)) = 0.

8C‘. Maler and D. Nickovic. Int. Conference on Farmal Modeling and Analysis of Timed Svstems.—2004.
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e Syntax of STLS:

¢ == T|p|=¢|da)Ad@) | o) Yab ¢ | Flap? | Gab ¢

e Semantics: (x,0) = ¢ indicates that the signal x : R>o — R"
satisfies ¢

e Robust Semantics: p®(x,0) indicates how robustly the signal
X : R>p — R" satisfies ¢

It holds that (x,0) = 6 if p(x,0) > 0.°)

80. Maler and D. Nickovic. Int. Conference on Farmal Modeling and Analysis of Timed Systems. 2004.
gC.E. Fainekos and G.J. Pappas. Theoretical Computer Science. 20090.
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Q (:l)l = F[35](2 " X 5 3) holds
and [ p?(x, 0) = 0.5

Q (i)z = G[2.6] (0 < x < 6) holds

and [p‘b'-’ (x,0) = 0.01]

0 O3 = G[2_6](1 < x < 2) does not

hold and [p‘m(x,O):_l] 1 ':'.‘ T
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Given a dynamical system x = f(x,u,w) and an STL task ¢, the objective
is to design a event-triggered control law which ensures that the
dynamical system satisfies the given STL task, i.e., (x,0) = ¢

w is a disturbance of bounded amplitude.
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o First, we use a prescribed performance control (PPC)° law
dp*'(x)
MR . X -
u(x, t) = —L(x)(f(x) e ke))
g
P
/_—-_-\
FLONGefereeernedioniennndd /é___m .............. B
- -
0 (n@ /3—""‘ 4 - 6 7
1 7
/’(t )+ o™
IOC. Bechlioulis and G. Rovithakis. Automatica, 2014. - —
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e We replace the feedback control a event-triggered control'?:

The dynamical system satisfies the STL task ¢ under the PPC framework
and if the event-triggered control law O has the form

a(t) :=u(x(t;),t) Vt e (t, tis1] (1)
where the triggering instances {t;} are generated as:
to ;=0
tiv1 = inf{t > t;j | ||x(t) — x(&;)|| > ox} i>1, (2)

for some 6, > 0.

19 . Lindemann, D. Maity, J. Baras, D. Dimarogonas. Conference on Decision and
Control, 2018
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o Consider the agent dynamics!!
| ~ [eos(x3) —sin(xj) 0 P
x' = gi(x')u' = |sin(x}) cos(xi) O (B,-T) Riu’,
0 0 1

where R; is the wheel radius and

—_

0 cos(m/6) —cos(mw/6)
Bi:= |—1 sin(mw/6) sin(7/6)
L; L; L;

— -

describes geometrical constraints with L; as the radius of the robot
body. We set L; :== 0.2 and R; :=0.02 for i € {1, 2, 3}.

. Y. Liu, J. J. Zhu, R. L. Williams, and J. Wu. Robotics and Autonomous Systems, 2008
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e R1: 1) Eventually Go to Al and #; = 45°  s—-F
2) go to A4 and stay close to R2 ::"'"
e R2: 1) Eventually Go to A2 and 6; = 45° =0 =
2) Stay close to R1 and R3 ;‘_G}_ _____ —&
e R3: 1) Eventually Go to A3 and #; = 45° 2
2) Stay close to R3 o
% 20 %0 50 0 100

¢1 := Fosop(([[py — Al|| <€) A |6, — 45°|| <¢))
AFiso,100) (/[P — Ad|| < ) Alpy — P2l <€)

¢2 := Fpos0(([Ip2 — A2|| < €) A (||62 — 45°|| < ¢))
AFs0,1001([[P2 — P3ll < €)A|[p2 — p3fl < ¢

¢3 = Fioso(|lps — A3]| < €) A ([|3 — 45°|| < ¢))

AFis0,100)(1[P3 — P2l| <€)

e Tasks:
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Figure : Agent Trajectories

178



JERSIP

STllst'!%gl{iu for 5\} = O-—c—\
YSRLEUI“EE'; RO b u St n eS S 18 W 56

Q
TRYLAS

of —yy(t) + Pl.max': ~¥2(t) + P2, max

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 8O
Time (s)

Figure : Robustness

@ The experiment was implemented in 100 Hz frequency with a total of
7725 samples.
@ Using our event-triggered feedback policy the control was updated

_— only 185 times. _—
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Summary:

» Abstraction-free, computationally-efficient, and robust
method for bottom-up multi-agent systems

= Robustness considered on two levels: robustness with respect to the task
and with respect to disturbances

* Event-triggered control reduced the amount of
communication significantly.
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Summary:

* Abstraction-free, computationally-efficient, and robust
method for bottom-up multi-agent systems

= Robustness considered on two levels: robustness with respect to the task
and with respect to disturbances

* Event-triggered control reduced the amount of
communication significantly.

Future Work:

* Accounting for input limitations and dynamics

* (Considering self-triggered control to reduce
sensing.
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Thank you!

baras@isr.umd.edu
301-405-6606
http://dev-baras.pantheonsite.io/

Questions?




